The mechanisms by which heat stress impairs the control of blood pressure leading to compromised orthostatic tolerance are not thoroughly understood. A possible mechanism may be an attenuated blood pressure response to a given increase in sympathetic activity. This study tested the hypothesis that whole body heating attenuates the blood pressure response to a non-baroreflex-mediated sympathoexcitatory stimulus. Ten healthy subjects were instrumented for the measurement of integrated muscle sympathetic nerve activity (MSNA), mean arterial blood pressure (MAP), heart rate, sweat rate, and forearm skin blood flow. Subjects were exposed to a cold pressor test (CPT) by immersing a hand in an ice water slurry for 3 min while otherwise normothermic and while heat stressed (i.e., increase core temperature ϳ0.7°C via water-perfused suit). Mean responses from the final minute of the CPT were evaluated. In both thermal conditions CPT induced significant increases in MSNA and MAP without altering heart rate. Although the increase in MSNA to the CPT was similar between thermal conditions (normothermia: ⌬14.0 Ϯ 2.6; heat stress: ⌬19.1 Ϯ 2.6 bursts/min; P ϭ 0.09), the accompanying increase in MAP was attenuated when subjects were heat stressed (normothermia: ⌬25.6 Ϯ 2.3, heat stress: ⌬13.4 Ϯ 3.0 mmHg; P Ͻ 0.001). The results demonstrate that heat stress can attenuate the pressor response to a sympathoexcitatory stimulus. hyperthermia; autonomic nervous system; cardiovascular; blood pressure regulation; cold pressor test THE CONTROL of arterial blood pressure is severely compromised in heat-stressed humans, best depicted by profound reductions in orthostatic tolerance (1, 20, 36) . The mechanism(s) responsible for this occurrence are not entirely understood. We and others have shown that whole body heating does not impair arterial baroreflex control of heart rate (5, 8, 37, 38) or muscle sympathetic nerve activity (MSNA) (8, 16). In fact, the prevailing data suggest that heat stress heightens MSNA responsiveness to baroreceptor unloading, even when controlling for the greater hypotensive challenge that occurs in the heatstressed human (9, 16). Despite this, the change in arterial blood pressure to carotid baroreceptor perturbations is impaired in the heat-stressed human (5), suggestive of impaired baroreflex control of arterial blood pressure. The apparent disassociation between normal, and perhaps even elevated, baroreceptor control of heart rate and MSNA compared with impaired arterial blood pressure responses to carotid baroreceptor perturbations during heat stress is perplexing.
THE CONTROL of arterial blood pressure is severely compromised in heat-stressed humans, best depicted by profound reductions in orthostatic tolerance (1, 20, 36) . The mechanism(s) responsible for this occurrence are not entirely understood. We and others have shown that whole body heating does not impair arterial baroreflex control of heart rate (5, 8, 37, 38) or muscle sympathetic nerve activity (MSNA) (8, 16) . In fact, the prevailing data suggest that heat stress heightens MSNA responsiveness to baroreceptor unloading, even when controlling for the greater hypotensive challenge that occurs in the heatstressed human (9, 16) . Despite this, the change in arterial blood pressure to carotid baroreceptor perturbations is impaired in the heat-stressed human (5) , suggestive of impaired baroreflex control of arterial blood pressure. The apparent disassociation between normal, and perhaps even elevated, baroreceptor control of heart rate and MSNA compared with impaired arterial blood pressure responses to carotid baroreceptor perturbations during heat stress is perplexing.
To counter hypotension associated with an orthostatic challenge, the sympathetic nervous system is greatly activated via baroreflexes, vestibular inputs, etc. (26) . Sympathetically mediated vasoconstriction in muscular, renal, and splanchnic beds are the predominate mechanism for defending against decreases in arterial pressure during orthostatic or hemorrhagic challenges. If the effectiveness of this pathway is reduced, the control of arterial blood pressure could be compromised, even with heightened sympathetic activity. For example, Levine et al. (19) raised the possibility that a disassociation between increases in sympathetic activity and vascular resistance could be a mechanism for orthostatic intolerance after microgravity exposure. A similar mechanism may contribute to compromised blood pressure control in heat-stressed humans. Although untested, it may be that a given increase in sympathetic neural activity induces less of an increase in arterial blood pressure when the individual is heat stressed. In support of this hypothesis, the elevation in arterial blood pressure and vascular resistance to constant and bolus infusions of adrenergic agonists are impaired in heat-stressed anesthetized (17, 21) and conscious (22) rats. In humans, both whole body heating and local surface heating attenuate cutaneous ␣-adrenergic vasoconstrictor responsiveness (34) , whereas the elevation in arterial blood pressure to systemic infusions of the ␣ 1 -adrenergic agonist phenylephrine are impaired during whole body heat stress (11) .
To identify whether heat stress affects the relationship between sympathetic neural responses and corresponding changes in arterial blood pressure, a perturbation must be applied that changes arterial blood pressure primarily via increases in vascular resistance, with little to no effect on cardiac output, since blood pressure is the product of cardiac output and systemic vascular resistance. One such perturbation is the cold pressor test (CPT). The CPT induces large increases in MSNA via nonbaroreflex mechanisms (12, 18, 31) , as well as vasoconstrictions in the splanchnic (3, 4, 14) and renal (2, 24) vascular beds. Conversely, neither the CPT (12) nor orthostatic stress (10, 32, 35) increases skin sympathetic nerve activity. Given that heart rate during the later period of the CPT is not different from pre-CPT baseline (31) , coupled with no changes in stroke volume and thus cardiac output during the CPT (33), the accompanying changes in blood pressure are entirely due to increases in vascular resistance. Therefore, using the CPT as the stimulus, we tested the hypothesis that heat stress impairs the elevation in arterial blood pressure to a non-baroreflex-mediated sympathoexcitatory stimulus.
METHODS

Subjects.
Ten healthy volunteers (7 men, 3 women) participated in this study. The average age was (mean Ϯ SD) 34 Ϯ 7 yr, and all were of normal height (173 Ϯ 11 cm) and weight (75 Ϯ 12 kg). The volunteers were normotensive (supine blood pressures Ͻ140/90 mmHg), were not taking medications, and had no known cardiovascular diseases. The volunteers refrained from caffeine, alcohol, and intensive exercise 24 h before the study. This study was approved by the Institutional Review Boards of the University of Texas Southwestern Medical Center and Texas Health Presbyterian Hospital of Dallas, and a written informed consent was obtained from each volunteer.
Measurements. Internal temperature (Tcore) was obtained from intestinal temperature via a telemetric temperature pill (HQ, Palmetto, FL) that was swallowed by each volunteer on arrival at the laboratory, resulting in the pill being in the individual for at least 1.5 h before normothermic baseline data collection. Mean skin temperature (Tsk) was obtained from the weighted electrical average of six thermocouples attached to the skin (29) . Each volunteer was dressed in a tube-lined suit that permitted the control of Tsk by changing the temperature of the water perfusing the suit. Skin blood flow (SkBF) was indexed from the dorsal forearm, using laser-Doppler flowmetry (Perimed, North Royalton, OH), of the contralateral arm relative to the one used for the CPT. Forearm sweat rate was measured adjacent to this area via capacitance hygrometry (Vaisala, Woburn, MA) using the ventilated capsule method (7). This area of forearm skin was not covered by the water-perfused suit.
Beat-by-beat arterial blood pressure was recorded from a finger (Finometer, Finapres Medical Systems, Amsterdam, The Netherlands) with resting values verified by auscultation of the brachial artery (SunTech, Medical Instruments, Raleigh, NC). Heart rate was monitored from the electrocardiogram interfaced with a cardiotachometer (1,000-Hz sampling rate; CWE, Ardmore, PA). Respiratory frequency was monitored using piezoelectric pneumography. Multifiber recordings of MSNA were obtained with a tungsten microelectrode inserted in the peroneal nerve. A reference electrode was placed subcutaneously 2-3 cm from the recording electrode. The signal was amplified, filtered with a bandwidth of 500 -5,000 Hz, and integrated with a time constant of 0.1 s (Iowa Bioengineering, Iowa City, IA). The recording electrode was adjusted until a site was found in which sympathetic bursts were clearly identified using previously established criteria (30) .
Protocols. Studies were conducted in a temperature-controlled room (25 Ϯ 1°C). While normothermic, after the volunteers rested quietly in the supine position for 5 min during which baseline thermal and hemodynamic data were obtained, a CPT was performed by immersing a hand to the wrist in an ice water slurry for 3 min. The ice water slurry was stirred throughout the CPT. Subjects were instructed to remain relaxed, breathe normally, and avoid Valsalva-like maneuvers during hand immersion. After normothermic data collection was complete, Tsk was increased to ϳ38°C by perfusing the tube-lined suit with 46°C water until an increase in Tcore of ϳ 0.7°C was achieved. The temperature of the water perfusing the suit was then slightly reduced to attenuate further increases in Tcore. Under this condition, 2 min of baseline thermal and hemodynamic variables was again obtained for the pre-CPT heat stress baseline; thereafter, the 3-min CPT was repeated.
Data analysis. Data were sampled at 200 Hz through a commercial data-acquisition system (Biopac System, Santa Barbara, CA). MSNA bursts were first identified in real time by visual inspection of data plotted on the chart recorder, coupled with the burst sound from the audio-amplifier. These bursts were further evaluated via a computer software program that identified bursts based on fixed criteria, including an appropriate latency following the R-wave of the electrocardiogram (6, 8) . Integrated MSNA in both thermal conditions was normalized by assigning a value of 100 to the mean amplitude of the largest 10% of the bursts during the 5-min normothermic baseline period (15) . Normalization of the MSNA signal was performed to reduce variability between volunteers attributed to factors including needle placement and signal amplification. Total MSNA was identified from burst areas of the integrated neurogram. Mean arterial blood pressure (MAP) and heart rate were obtained from the arterial blood pressure waveform and the electrocardiogram, respectively. Cutaneous vascular conductance (CVC) was indexed by dividing laserDoppler flux values by MAP.
Statistical analysis. Mean values for the normothermic and heat stress periods (pre-CPT), and the last minute of the CPT in both thermal conditions, were used in the analysis of the CPT responses. Statistical analyses were performed using commercially available software (SigmaStat 3.5, SPSS). The effects of the whole body heating (normothermic vs. heat stress) on the responses to CPT (pre-CPT vs. CPT) were evaluated via a two-way repeated-measures ANOVA, followed by multiple comparison post hoc (Tukey) analyses where appropriate. Furthermore, the change in the response to the CPT (i.e., the delta responses to the CPT from the pre-CPT period) was evaluated between thermal conditions via a paired t-test. All values are reported as means Ϯ SE. P values of Ͻ0.05 were considered statistically significant.
RESULTS
Appropriate increases in Tsk, Tcore, SkBF, and sweat rate indicate that the volunteers were adequately heat stressed (Table 1) . Whole body heating increased resting heart rate and MSNA, while MAP was not significantly changed (Table 1) .
Neither Tsk nor Tcore significantly changed during CPT (Table 2) , regardless of the thermal condition. Representative recordings of MSNA, blood pressure, and heart rate during CPT in normothermic and heat-stress conditions are shown in Fig. 1 . In both thermal conditions the CPT caused significant increases in MSNA and MAP (Fig. 2) , while heart rates were not different from the respective pre-CPT baselines (P ϭ 0.37 for normothermia; P ϭ 0.35 for heat stress). After whole body heating, the increase in MAP during the CPT was ϳ50% less than that in the normothermic conditions (normothermia: ⌬26 Ϯ Data are mean baseline values before the cold pressor test (CPT) in both thermal conditions. Mean arterial blood pressure (MAP) was calculated as two-thirds diastolic blood pressure (DBP) plus one-third systolic blood pressure (SBP), measured by auscultation of the brachial artery. Sweat rate is reported as a change in normothermic baseline. Skin blood flow (SkBF) was expressed as percentage of normothermic baseline. MSNA: muscle sympathetic nerve activity. *Significantly different from normothermia (P Ͻ 0.01).
2; heat stress: ⌬13 Ϯ 3 mmHg; P Ͻ 0.001). Interestingly, the CPT-induced increase in MSNA burst frequency (bursts/min) was similar between thermal conditions (normothermia: ⌬14.0 Ϯ 2.6; heat stress: ⌬19.1 Ϯ 2.6 bursts/min; P ϭ 0.09), while the increase in MSNA total activity was greater during heat stress (normothermia: ⌬458 Ϯ 107; heat stress: ⌬655 Ϯ 146 units/ min, P ϭ 0.02). Finally, although CPT did not significantly change skin blood flow in either thermal conditions, during heat stress CVC decreased, while only a tendency for a reduction in this variable was observed while subjects were normothermic ( Table 2) .
DISCUSSION
The main finding of this study is that whole body heating attenuates the pressor response to a perturbation that causes similar (or a greater) increases in MSNA. Although the precise mechanism responsible for the disconnect between sympa- Data are mean baseline values before the CPT (Baseline) and the last minute of the CPT (CPT) in both thermal conditions. SkBF and cutaneous vascular conductance (CVC) are expressed as percentage of the respective normothermic baseline. Tcore, internal temperature; Tsk, mean skin temperature. Sweat rate (SR) is reported as a change from normothermic baseline. *Significant difference from baseline for the indicated thermal condition. †Significant difference from the respective normothermic condition. thetic and blood pressure responses during heat stress are unknown, this phenomenon may directly contribute to orthostatic intolerance in heat-stressed individuals, given the importance of increases in vascular resistance for the control of blood pressure during orthostatic stress (19) .
In a prior report (7), we showed that fatiguing isometric handgrip exercise while subjects were heat stressed evoked greater increases in MSNA (normothermia vs. heat stress: 16.6 vs. 32.1 bursts/min), heart rate (19.6 vs. 30.5 beats/min), and blood pressure (28.7 vs. 34.8 mmHg) than when subjects were normothermic. Because this stimulus (exercise) evokes increases in heart rate and stroke volume, and thus cardiac output (25, 28) , the blood pressure increase was not solely due to increases in vascular resistance. Given those findings, a stimulus was sought that increased arterial blood pressure primarily via increases in vascular resistance (i.e., the CPT) to specifically investigate the effects of heat stress on these responses.
It is widely recognized that the CPT increases sympathetic activity and blood pressure in normothermic individuals (31) . The elevation in blood pressure is primarily caused by increases in vascular resistance given that cardiac output does not change during the later period of the CPT (31, 33) , and the increase in MSNA during the CPT is correlated with the increase in MAP (31) . Given this unique characteristic of the CPT, it is an ideal perturbation to evaluate the effects of heat stress on vascular resistance-derived increases in arterial blood pressure. To that end, the primary findings of the present study are that the elevation in MAP to the CPT while subjects were heat stressed was significantly attenuated despite comparable, or perhaps elevated, increases in MSNA, relative to when the subjects were normothermic.
An important concern with the present study is whether the CPT stimulus was equivalent between normothermic and heat stress trials. Although while heat stressed the skin temperature of the hand immersed in the stirred ice slurry is likely higher during the initial period of the CPT, it is expected that such differences would be minimal to nonexistent during the last minute of the CPT between thermal conditions. Thus the noxious stimulus that is primarily responsible for the sympathoexcitatory response (12, 18 ) is expected to be identical regardless of the subjects' thermal condition. But perhaps the strongest evidence that the CPT afferent stimulus was not attenuated by the heat stress was similar (when expressed as burst rate), or greater (when expressed as total activity), increases in MSNA during the CPT while heat stressed. Although the mechanism(s) for the greater MSNA total activity response is unknown, it is unlikely that an attenuated blood pressure response to the CPT during whole body heating was due to attenuated afferent or efferent neural activation.
The mechanism(s) responsible for the observed attenuated presser response is not known but can be speculated on. One possibility is that heat stress impairs the transduction of the neural signal to postjunctional events that is responsible for increases in vascular resistance. In rats, the elevation in blood pressure to ␣-adrenergic agonists was attenuated when they were hyperthermic (17, 21, 22) . However, in those studies attenuated vasoconstrictor responses were observed only after internal temperature was Ն41°C, which is in contrast to the moderate increase in internal temperature (i.e. ϳ0.7°C) in the present study. In humans, the vasoconstrictor responses to local administration of norepinephrine in forearm skin were significantly attenuated during both local heating and whole body heating, the latter via a water-perfused suit (34) . Furthermore, the blood pressure elevation to systemic infusions of the ␣ 1 -agonist phenylephrine was attenuated in heat-stressed humans (11) . In that study (11) , it could not be identified whether the attenuated blood pressure response was solely due to attenuated cutaneous vasoconstriction (34) or whether heat stress attenuated vasoconstrictor responses in other beds (i.e., splanchnic and muscle vascular beds). Moreover, the effects of heat stress in possibly altering cardiac output responses secondary to phenylephrine-induced elevations in arterial blood pressure could not be accounted for in that study (11) .
The CPT increases MSNA, along with splanchnic (3, 4, 14) and renal (2, 24) vasoconstriction, while not changing skin sympathetic nerve activity (12) . Consistent with the hypothesis of generalized sympatholytic properties of heat stress, the present data raise the possibility that postsynaptic ␣-adrenergic mediated vasoconstriction in muscle, and perhaps other vascular beds, may be impaired in heat-stressed humans. Impaired vasoconstrictor responsiveness in these vascular beds will likely attenuate the elevation in vascular resistance while individuals are heat stressed with the potential of compromising blood pressure control.
Skin blood flow increased ϳ5-fold due to whole body heating. During heat stress, upwards to 50% of cardiac output is directed toward the skin (27) . This, coupled with an absence of an increase in skin sympathetic nerve activity to the CPT (12), raises other possibilities for the observed attenuated increases in arterial blood pressure during the CPT. That is, with such a large fraction of systemic vascular conductance in the cutaneous bed during heat stress (27) , the effectiveness of increases in vascular resistance from noncutaneous beds would be minimized relative to when subjects are normothermic. Put another way, with so much of cardiac output going to the skin, increases in a noncutaneous vascular resistance to the CPT may not be sufficient to increase systemic arterial blood pressure to the same extent relative to that which occurs when subjects are normothermic and cutaneous vascular conductance is very low.
Given large increases in the fraction of cardiac output going to the skin, control of cutaneous vascular conductance becomes more important in the regulation of blood pressure when subjects are heat stressed relative to normothermic. It is interesting to note decreases in cutaneous vascular conductance were observed during the heat stress CPT (see Table 2 ), although this response was small relative to the capacity by which the cutaneous vasculature could constrict to this perturbation. The mechanism(s) for this reduction in cutaneous vascular conductance, given an absence of an increase in skin sympathetic nerve activity during the CPT (12), remains unclear. Possible explanations for these differing responses include difference in skin sympathetic activity measured to the foot by Fagius et al. (12) relative to forearm skin sympathetic nerve activity, circulating catecholamines induced by the CPT (31), and/or withdrawal of active cutaneous vasodilator activity that may not be detected in the integrated skin sympathetic nerve signal. Moreover, a myogenic response associated with increases in arterial pressure (23) may also contribute to the decrease in cutaneous vascular conductance. Regardless of the mechanism, this reduction in cutaneous vascular conductance alone was insufficient to compensate for otherwise attenuated increases in vascular resistance during the CPT while heat stressed, resulting in less of an increase in arterial blood pressure.
When taken together, either (or both) of the aforementioned mechanisms could contribute to the attenuated pressor response during the CPT while subjects are heat stressed, despite similar or greater increases in MSNA. Regardless of the mechanisms, the present data suggest a "systemic" disassociation between sympathetic activity and the corresponding changes in arterial blood pressure. The balance, or lack thereof, between increases in sympathetic activity and associated increases in systemic vascular resistance may be a major determinant in the etiology of compromised blood pressure control during heat stress.
Limitations to the interpretation of the data. The CPT was first performed when subjects were normothermic and this was followed by a repeated CPT after whole body heating. This approach raises the possibility of an order effect, despite the second CPT being performed 40 -60 min after the first. Although intra-individual variability in responses to repeated CPT were identified (13), the same study also showed that group mean responses were quite stable across the repeated tests. Importantly, if there was an order effect in the present study, then one would expect this to be reflected in the MSNA responses, which were similar (when expressed as burst rate) or greater increases (when expressed as total activity) during the second CPT. Thus, it is unlikely that attenuated increases in mean blood pressure during the heat stress was related to the performing sequential CPTs.
Given that the CPT also induces splanchnic (3, 4, 14) and renal (2, 24) vasoconstriction in normothermic individuals, it is likely that vasoconstriction in these vascular beds also occurred during the CPT while heat stressed. However, it remains unknown whether the observed MSNA responses are reflective of renal and/or splanchnic neural responses under the imposed conditions, or whether vasoconstrictor responsiveness to a given neural signal is attenuated in these regions by whole body heat stress.
While it is clear that cardiac output does not increase throughout a CPT while subjects are normothermic, cardiac output responses to this perturbation while subjects are heat stressed remains unknown. Given the absence of a significant increase in heart rate during the heat stress CPT (Fig. 2) , coupled with prior findings of no change in stroke volume in normothermic subjects during this perturbation, we presume that cardiac output likewise did not increase during the heat stress CPT. However, this variable was not evaluated, thus leaving open the possibility that some of the increase in arterial blood pressure during the heat stress CPT may have a cardiac output component. That said, if cardiac output increased during the heat stress CPT, such would provide even further evidence of an attenuated increase in systemic vascular resistance to this perturbation since the elevation in arterial blood pressure was attenuated despite a possible contributing effect of cardiac output.
In conclusion, the present data show that heat stress attenuates the increase in arterial blood pressure in response to a non-baroreflex-mediated sympathoexcitatory stimulus (i.e., the CPT), that is primarily vascular resistance dependent. The result suggests that heat stress can cause an apparent disassociation between MSNA and the corresponding blood pressure response to a vasoconstrictor stimulus. Attenuated responsiveness to the sympathetic stimulus will compromise blood pressure control, which is commonly observed in heat-stressed individuals.
